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As NMR Study of Hole-Doped Superconductor Bai_ x .K x Fe 2 As 2 (T c ~ 38 K) 
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We report the 75 As nuclear magnetic resonance (NMR) measurement of the hole-doped su- 
perconductor Bai_ 2! K 2 :Fe2As2 with different lattice parameters and different superconducting 
volume fractions (T ~ 38 K). 75 As-NMR spectra revealed that the magnetically ordered and 
superconducting phases are microscopically separated. The spin-lattice relaxation rate 1/Ti in 
the normal state reflects the existence of a large two-dimensional antiferromagnetic spin fluc- 
tuation. The 1/Ti in the superconducting state down to the lowest measurement temperature 
T varies close to T 3 . In addition, it exhibits no coherence peak just below T c . This shows a T 
dependence similar to those of other iron pnictides. 

KEYWORDS: Bai_ a: K a: Fe2As2, superconductivity, magnetic order, phase separation, nuclear magnetic res- 
onance 



The discovery of superconductivity in F-doped 
LaFeAsO with a superconducting transition temperature 
T c = 26 K 1 ) has accelerated further investigations of re- 
lated superconductors. 2 ~ 9 ' The 3d electrons originating 
from an FeAs layer form multiple bands at the Fermi level 
and play an important role in superconductivity. 10 ' 11%> In 
particular, nondoped materials commonly exhibit an an- 
tiferromagnetic (AF) order with an adjacent structural 
phase transition, which resembles the parent materials of 
high-T c cuprates. Hence, the relation between magnetic 
order and superconductivity is one of the vital issues in 
the investigations of such compounds. 

K-doped BaFe2As2 is the firstly reported oxygen-free 
iron-pnictide superconductor with T c = 38 K. 6 ' The crys- 
tal structure of Bai_ a; K a ;Fe2As2 is of the ThCr2Si2-type. 
This structure possesses an FeAs layer similar to that 
realized in LaFeAsO. The parent material BaFe2As2 ex- 
hibits AF anomaly at T N = 140 K. 12) Neutron diffraction 
measurements revealed an ordered moment of 0.87 (jlb 
(Bohr magneton) at the Fe site with a q vector of (1, 0, 1) 
for the orthorhombic structure. 13 ' It is important to note 
that this compound exhibits structural phase transition 
as well as AF anomaly. 12 ' 13 ' The zero-field 75 As-NMR 
spectrum also revealed that the magnetically ordered 
state of this compound is commensurate. 14 ' 15 ' The eval- 
uated Hi n t at 4.2 K decreases gradually with increas- 
ing pressure. 16 ^ The results are consistent with the other 
group's NMR results obtained using single crystals. 17 ' 

Several groups reported the phase diagram of 



Bai_ a; K 3; Fe2As; 



18, 19) 



For the compound, the AF 



anomaly disappears and superconductivity is induced by 
hole doping, K substitution for Ba. The superconduct- 
ing (SC) state is confirmed to be the bulk from the spe- 
cific heat jump at T c . 20 ) The most striking feature of the 
phase diagram is that the SC region widely spreads for 
0.2 < x < 1 and thus the possibility of the coexistence 
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of the AF and SC states exists for 0.2 < x < 0.4. Bulk 
measurements cannot determine whether or not this co- 
existence is macroscopic. Hence, measurements with a 
local probe are strongly required. Recent /iSR measure- 
ments show the existence of the phase-separated AF and 
SC states. 21 - 22 ' Here, we report the 75 As-NMR mea- 
surements of Bai_ a: K 2 ;Fe2As2 with different lattice pa- 
rameters and different superconducting volume fractions 
(T c ~ 38 K) in order to investigate the gap symmetry of 
superconductivity and establish the nature of the coex- 
istence of the AF and SC states. 

To date, intensive NMR studies are performed on other 
iron pnictide superconductors. 23 ~ 29 ) Knight shift mea- 
surements revealed that the spin-singlet superconductiv- 
ity is realized. The common feature of 1/Ti in the SC 
state is the T 3 behavior at low temperatures without T 
linear behavior, which indicates the absence of the resid- 
ual density of states. This is apparently ascribable to the 
spin-singlet superconductivity with a nodal structure: d- 
wave superconductivity. However, the results of other 
experimental techniques suggest the fully gapped super- 
conductivity: s- wave superconductivity. 20 ' 30,31 ' Nagai et 
al. calculated 1/Ti and showed that the anisotropic s±- 
wave pairing, in which the sign of the SC order parameter 
changes between Fermi surfaces, explains the apparently 
controversially experimental results. 32 ' To the best of our 
knowledge, this is the first report on the NMR study of 
hole-doped Fe-based superconductor. 

Polycrystalline Bai_ 2 ;K x Fe2As2 samples were synthe- 
sized by a high-pressure method. 2 ' X-ray diffraction anal- 
ysis revealed that the obtained samples have different 
lattice parameters, which is associated with the tem- 
perature control or the starting ratio of (Ba, K) and 
FeAs. In this study we used two different batches of sam- 
ples and fixed the ratio of starting Ba to K at 0.6:0.4: 
a = 3.923 A, c = 13.220 A sample and a = 3.926 A, c = 
13.297 A sample. According to the relation between the 
lattice parameter and the nominal composition x, 18 ' the 
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Fig. 1. (Color online) 75 As NMR spectra of Ba .6K .4Fe2As2 
various temperatures. The inset shows the 75 As NMR spectra 
Bao.6Ko.4Fe2 As2 and BaFe2As2 in the paramagnetic state. 
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Fig. 2. (Color online) 75 As NMR spectra of Bao.7Ko.3Fe2As2 at 
various temperatures. The inset shows the T dependence of the 
normalized broad-satellite height against the center-line height 
in the spectra for x = 0.3, 0.4. 



materials correspond to x = 0.3 and 0.4. For convenience, 
we utilize these x's hereafter in this paper. Although the 
x = 0.3 sample was confirmed to be of nearly single phase 
by X-ray diffraction analysis, the x — 0.4 sample con- 
tained less than 10% FeAs impurity. We also determined 
the T c and SC volume fraction of the samples with a 
commercial SQUID magnetometer. The T c 's of the sam- 
ples are about 38 K and the volume fractions for x = 0.3 
and 0.4 are 75% and 50%, respectively. The NMR exper- 
iment on the 75 As nucleus (I = 3/2, 7 = 7.292 MHz/T) 
was carried out using phase-coherent pulsed NMR spec- 
trometers and a superconducting magnet. We performed 
NMR measurement at around 6 T. According to the re- 
port on the upper critical field of Bai_ a; K. I ;Fe2As2, 33 ' 34 ) 
the T c (~ 6 T) is 35 K for the samples of T c (0 T) = 38 K. 
The samples were crushed into powder for use in the ex- 
periments. The powder was oriented at 150 K at a field 
of 6 T. The c-axis of each microcrystal in oriented pow- 
ders is perpendicular to the external field. 14 - 1 The NMR 
spectra were measured by sweeping the applied fields at 
a constant resonance frequency. The origin of the Knight 
shift K = of the 75 As nucleus was determined by the 
75 As NMR measurement of GaAs. 35 - 1 Ti was evaluated 
by a saturation recovery method. 

In Fig. 1, we show the 75 As-NMR spectra of 
Bao.6Ko.4Fe2As2 at various T's. Even at higher temper- 
atures, the spectra have broad satellite components in 
addition to the sharp center line at around 6 T. Be- 
cause K is expected to locate randomly at the (Ba, K) 
site in Bao.6Ko.4Fe2As2, these broad satellite components 
arise from the inhomogeneous distribution of the elec- 
tric field gradient (EFG) at the As site. In the inset of 
Fig. 1, we show a comparison of the 75 As-NMR spectra 
of Bao.6Ko.4Fe2As2 and BaFe2As2 in the paramagnetic 
state. The center line of the spectrum of Bao.6Ko.4Fe2As2 



is broader than that of BaFe2As2, which is also ascrib- 
able to the inhomogeneous distribution of the EFG at 
the As site and Knight shift. Since the EFG at the 
As site is expected to be parallel to the crystal c-axis 
and thus perpendicular to the external field, the vq of 
Ba .6Ko.4Fe2As2 is estimated to distribute at around 
5 MHz, which is twice larger than the vq of BaFe2As2- 
The intensity of broad satellite components increases be- 
low approximately 80-100 K. This is attributable to the 
AF ordering below T N = 80-100 K. We will discuss the 
determination of Tn later. However, Tn is clearly larger 
than 80 K. Hence, this increase in intensity is hardly at- 
tributed to the impurity FeAs, which exhibits AF order- 
ing below 77 K. 36 ) Note that the center line observed in 
the paramagnetic (PM) state coexists even at 10 K with 
the magnetically ordered component. This indicates the 
occurrence of the phase separation of the AF and PM 
states at low temperatures, which is consistent with the 
results of /iSR measurements. 21,22 ' 

In Fig. 2, we show the 75 As-NMR spectra of 
Bao.7Ko.3Fe2As2 at various T's. The increase in the 
intensity of the NMR signals of the satellite compo- 
nents is also observed and is much larger than that 
of Bao.6Ko.4Fe2As2- In the inset of Fig. 2, we plot- 
ted the T dependence of normalized broad-satellite 
height against center-line height for Ba .7K .3Fe2As2 and 
Ba .6Ko.4Fe2As2 in order to estimate AF transition tem- 
perature. We found that the transition temperature is 
approximately 100 K for x = 0.3. The temperature 
is roughly estimated to be between 80 and 100 K for 
x = 0.4. Hence, AF transition temperature decreases 
with increasing x. This is consistent with the macro- 
scopic experimental results of Bai- a ;K x Fe2As2. 18 ' 19 ' It 
is difficult to accurately determine Tn for x — 0.4 since 
the signal intensity of broader satellites for x = 0.4 is 
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Fig. 3. (Color online) Nuclear magnetization recovery curves of 
Bao.6Ko.4Fe2As2 at 15, 40, and 200 K. Solid lines denote the 
fitting curve using the formula written in the text. 



much less than that for x = 0.3. We performed mag- 
netization measurement above T c , in order to determine 
AF transition temperature more accurately. However, we 
could not determine Tn because a small amount of fer- 
romagnetic Fe impurity, which is not detected by X-ray 
diffraction analysis, masks the anomaly associated with 

We additionally performed zero-external-field NMR 
measurements at 1.5 K and obtained spectra for x = 0.3 
and 0.4 (not shown data). The obtained spectral pro- 
files are basically the same as that of the parent ma- 
terial BaFe2As2- 14 ' By the same analytical procedure 
described in ref. 15, we evaluated the internal magnetic 
field flj nt at the As site to be 1.23(5) T for x — 0.3 and 
1.17(3) T for x — 0.4. These values are rather smaller 
than fl int = 1.39(2) T in BaFe 2 As 2 14) and decrease with 
x. Since the magnetic transition temperature is a rough 
measure of the magnetic order parameter, this tendency 
of flint with x is consistent with the smaller Tn of these 
compounds than that of BaFe2As2- Furthermore, we note 
that there is no consistency between the fraction in the 
AF region and the SC volume fraction of the samples 
with x. At the present stage, we cannot explain this in- 
consistency. The K distribution in the samples might be 
related to the AF or SC fraction since the temperature 
control condition or the starting ratio of (Ba, K) and 
FeAs may affect such a local distribution of K. However, 
we cannot answer how K distributes in the AF and SC 
phases and can only state that the samples studied here 
have identical T c 's. 

In Fig. 3, we show nuclear magnetization recovery 
curves of Bao.6Ko.4Fe 2 As 2 at 15, 40, 200 K. We obtained 
T\ at a fixed frequency of 43.75 MHz with an external 
field of 5.97 T in the T range of 4.2-250 K. The nuclear 
magnetization recovery curve was fitted by the following 
double-exponential function as expected for the center 
line of the spectrum of the nuclear spin / = 3/2 of the 
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Fig. 4. (Color online) 1/Ti's of Bao.eKo.4Fe2As2 and BaFe2As2. 
The solid line proportional to T 3 is a visual guide. The inset 
shows the derivative of l/Ti of Bao.6Ko.4Fe2As2. 
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where m(i) and mo are nuclear magnetizations after a 
time t from the NMR saturation pulse and thermal equi- 
librium magnetization. In the paramagnetic state, the 
data are well fitted to the curve with a single Ti com- 
ponent, as clearly seen in the result at 200 K. However, 
the data are less fitted with a single T\ component below 
about 100 K. As shown in the data at 15 and 40 K, a 
deviation of the fitting curve from the experimental data 
exists and a longer T\ component appears in the recovery 
curves. This is because the signals at around 5.97 T in- 
clude signals from the nucleus affected by the AF-ordered 
state below about 80-100 K, which has a longer T\ com- 
ponent. This is very clear in the data obtained at 5.63 T, 
at which the signals mainly come from the AF-ordered 
state. Therefore, a shorter T\ component is an intrin- 
sic relaxation rate for the center line of the spectrum at 
around 6 T. We tentatively analyzed the recovery curves 
with double T\ components. However, we could not ob- 
tain a systematic T dependence of T\ since a longer T\ 
component has worse statistical accuracy than a shorter 
component. Single T\ component fitting analysis, which 
is used to study a shorter T\ component, has a system- 
atic T dependence. Hence, we used single T\ component 
fitting analysis for all T. 

In Fig. 4, we show the T dependence of l/Ti of 75 As 
of Bao.6Ko.4Fe2As2 and BaFe2As2- l/Ti remains nearly 
constant above about 40 K in Bao.6Ko.4Fe2As2, which in- 
dicates that the two-dimensional AF spin fluctuation of 
an itinerant electron system 38 -* is predominant in this ma- 
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terial. Assuming that 1/T\T is proportional to a Curie- 
Weiss-like T dependence 1/(T + C w) due to AF fluctu- 
ation in the T range between 40 and 250 K, we obtained 
the Curie- Weiss temperature 8cw = -2(2) K. This should 
be interpreted to indicate that the normal and PM states 
of Bao.6Ko.4Fe2As2 are on the verge of AF instability. 
This T dependence is quite different from that of an 
electron-doped system 39 ) BaFei. 8 Co .2As 2 , 28 ) where the 
Korringa behavior and a pseudogap-like T behavior at 
higher temperatures are observed, and is similar to that 
of LaFeAsOo.96Fo.o4- 23 ^ Since the quantity of the substi- 
tution of K for Ba is much larger than that of Co for 
Fe, this result indicates that 3d electronic spin fluctu- 
ations are not markedly suppressed by K substitution, 
that is, by hole doping. Moreover, note that the nor- 
mal state property of Bao.6Ko.4Fe2As2 is similar to that 
of underdoped La2- x Sr x Cu04. 4 °) Furthermore, the re- 
sult is consistent with that of the theoretical study of 
1/Ti on the basis of fluctuation-exchange approximation, 
which explains the presence and absence of the pseudo- 
gap behavior in the T dependence of 1/Ti of electron- 
doped and hole-doped iron-pnictide superconductors, re- 
spectively. 41 ) 

In the inset of Fig. 4, we show the derivative of 1 /T\ of 
Bao.6Ko.4Fe2As2. The sharp peak at around 35 K corre- 
sponds to the SC transition at a magnetic field of about 
6 T. Below T c (5.97 T) ~ 35 K, 1/Ti rapidly decreases 
on cooling without a coherence peak. At lower tempera- 
tures, 1/Ti varies close to T 3 and is not exponential; the 
fitting of 1/Ti below 20 K is proportional to T 2 - 6(3 \ In 
addition, no T linear behavior was observed down to the 
lowest measurement temperature of 4.2 K. This tendency 
of 1/Ti in the SC state is similar to the results com- 
monly reported for other iron pnictides. 23-26 ' 28 ' 29 ) For 
Bai_ x K x Fe 2 As 2 , specific heat 20 ) and ARPES 31 ) mea- 
surements suggest a fully gapped superconductivity. At 
the present stage, we cannot exclude the possibility of 
unconventional superconductivity with a nodal struc- 
ture. However, one of the possible explanations is the 
anisotropic s-t-wave pairing model. 32 ) In order to de- 
termine the detailed SC gap, direction-sensitive exper- 
iments such as specific heat and thermal conductivity 
measurements under accurate magnetic field are strongly 
required. 

In summary, we performed the 75 As nuclear magnetic 
resonance (NMR) measurement of the hole-doped su- 
perconductor Bai_ a; K a ;Fe2As2 with different lattice pa- 
rameters and different superconducting volume fractions 
(T c ~ 38 K). 75 As- NMR spectra revealed that the mag- 
netically ordered and SC phases are microscopically sep- 
arated. The spin-lattice relaxation rate 1/Ti in the nor- 



mal state reflects the existence of a large two-dimensional 
AF spin fluctuation. The 1/Ti in the SC state down to 
the lowest measurement temperature T varies close to 
T 3 . In addition, it exhibits no coherence peak just below 
T c . This shows a T dependence similar to those of other 
iron pnictides. Further studies including those of sample 
dependence are required to understand the origin of the 
high T c in this category of iron-based superconductors; 
such studies are in progress. 
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